The superfamily of RNA binding proteins (RBPs) is vastly expanded in plants compared to other eukaryotes. A subfamily of RBPs that contain three RNA recognition motifs (RRMs) from the Arabidopsis (24), rice (19) and poplar (37) genomes was analyzed in this study. Phylogenetic analysis with full-length protein sequences of 80 RBPs identified nine clades. The largest clade, comprising 23 members, showed high homology to human RBPs involved in oxidative signaling. Digital northern analysis revealed that Arabidopsis RBPs are transcriptionally responsive to biotic, abiotic and hormonal treatments. Northern blot analysis of eight Arabidopsis RBPs belonging to the tobacco RBP45/47 family showed that these genes respond to ozone stress. AtRBP45b, which shows closest homology to the yeast oxidative stress regulatory protein, CSX1, was expressed in multiple tissues. Two novel splice variant forms of AtRBP45b were identified by 3'RACE analysis. Based on RT-PCR, splice variant AtRBP45b-SV1 was observed only in response to mechanical wounding caused by pathogen or chemical infiltrations and was not detectable in response to salt or temperature stress. Electrophoretic mobility shift assay demonstrated that recombinant full-length and splice variant forms of AtRBP45b bound synthetic RNA. Identifying in vivo RNA targets of AtRBP45b will aid in determining the precise functional role of these proteins during oxidative signaling.
INTRODUCTION
Post-transcriptional control of gene expression plays a vital role in the normal growth and development of eukaryotes. This level of regulation includes mRNA stability, capping, splicing, alternative splicing, polyadenylation, transport and translation (Anantharaman et al., 2002) . This regulation is achieved either directly by RNA-binding proteins (RBPs) or indirectly via the interactions between RBPs and other regulatory factors (Fedoroff, 2002; Lorkovic and Barta, 2002) .
In the genome of the model plant Arabidopsis thaliana, the superfamily of RBPs is largely expanded. There are 279 RBPs in Arabidopsis (Anantharaman et al., 2002) , as compared to 100 in Caenorhabditis elegans (Consortium, 1998) and 117 in Drosophila (Lasko, 2000) . However, the functions of only a few plant RBPs have been reported thus far (Lorkovic, 2009) . Lightregulated translation of chloroplastic mRNAs is controlled posttranscriptionally utilizing RBPs encoded in the nuclear genome (Danon and Mayfield, 1991; Jensen et al., 1986; Mussgnug et al., 2005; Rochaix, 2001) . Arabidopsis mutant studies have shown that a battery of different RBPs is involved in the posttranscriptional regulation of flowering (Lim et al., 2004; Macknight et al., 1997; Schomburg et al., 2001) . The role of plant RBPs in hormone signaling has gained increasing attention. Several genes in the abscisic acid (ABA) signaling pathway have been identified as RBPs (Hugouvieux et al., 2001; Lu and Fedoroff, 2000) . RBPs have been shown to interact with single-stranded telomeric DNA and to repress the telomerase activity (Kwon and Chung, 2004) . Further, plant RBPs interact with DEAD box RNA helicases and fibrillarin to form a ribonucleoprotein complex involved in ribosomal RNA metabolism (Gendra et al., 2004) . Recently, it was shown that the bacterial type III effector protein HopU1 mono-ADP ribosylates plant RBPs, which leads to the quelling of the plant innate immune system and the rendering of the plants susceptible to pathogens (Fu et al., 2007) . Three RBPs belonging to the UBA2 group were shown to be involved in a novel wound signal transduction pathway that is independent of jasmonic acid . A zinc fingercontaining, glycine-rich RNA binding protein, atRZ-1a, was shown to be important during seed germination and seedling development, especially under drought and salt stress conditions . The glycine-rich RNA binding proteins (GRPs) AtGRP7 and AtGRP8 were rapidly upregulated in response to peroxide-induced oxidative stress (Schmidt et al., 2009) . AtGRP7 is abundantly expressed in guard cells and is important for regulating stomatal movement during dehydration and salt stress . GRPs have been shown to function as RNA chaperones during adaptation to cold stress in both monocots and dicots (Kim et al., 2009; . These studies exemplify the myriad functional roles of plant RBPs during normal plant development and in response to environmental perturbations.
Classification of the RBPs has been based on the various conserved domains found in the protein sequences. These domains include RNA recognition motifs (RRMs), serine-argininerich motifs (Manley and Tacke, 1996) , RGG boxes (Kiledjian and Dreyfuss, 1992) , K homology motifs (Burd and Dreyfuss, 1994) , and chloroplast RNA splicing and ribosome maturation (CRM) domains (Barkan et al., 2007) . RBPs containing RRMs are the most common among eukaryotes (Anantharaman et al., 2002; Burd and Dreyfuss, 1994) . The RRM consists of an octomer sequence, RNP1, and a hexamer sequence, RNP2, both of which are usually contained within an approximately 80 amino acid region (Burd and Dreyfuss, 1994) . The RRMs show conservation at the structural level rather than at the sequence level (Lorkovic and Barta, 2002) .
In this study, phylogenetic analysis of Arabidopsis, rice and poplar RBP protein sequences that contain three RRMs was conducted. Various informatic tools were used to ratify the phylogenetic groupings and to predict possible functions of these proteins. In order to begin assigning functional roles to the Arabidopsis RBPs, steady state levels of a subset of eight Arabidopsis genes were analyzed during ozone-induced oxidative stress. One of the genes, AtRBP45b, has high homology to the yeast CSX1 protein, a global regulator of oxidative stress (Rodriguez-Gabriel et al., 2003) . Expression patterns of AtRBP45b and its splice variants were analyzed in response to oxidants and abiotic and biotic stresses. Electrophoretic mobility shift assays demonstrated that recombinantly expressed fulllength and splice variant forms of AtRBP45b protein bound Urich RNA.
MATERIALS AND METHODS
Database analysis to identify triple RRM motif-containing proteins in plants A search for three RRM-containing proteins in Arabidopsis and rice was conducted using Putative Orthologous Groups/Plant RBP database (http://plantrbp.uoregon.edu) (Walker et al., 2006) and the poplar genome database (http://genome.jgi-psf.org/ Poptr1_1/Poptr1_1.home.html). The sequences were analyzed using the NCBI's Conserved Domain Search Database (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) (Marchler-Bauer et al., 2005) . The rice sequences were retrieved from the POG database and further confirmed through the Genome Cluster database (http://bioinfo.ucr.edu/projects/GCD).
Sequence alignment and phylogenetic tree construction
The complete predicted protein coding sequences of the RBPs containing three RRMs from Arabidopsis (24), Rice (19) and Poplar (37) were used for multiple sequence alignments. The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987) . The bootstrap consensus tree inferred from 5000 replicates was used to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates were collapsed. The tree was drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) and are in the units of number of amino acid substitutions per site. All positions containing gaps and missing data were eliminated from the dataset (Complete Deletion option). Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007) .
Motif identification
To further analyze these protein sequences, the Multiple Em for Motif Elicitation (MEME) (Bailey et al., 2006) was used. The parameters were set to identify a maximum of five motifs (6-80 amino acids) with any number of repetitions per sequence. The motifs were set to be present in at least 10 sites among the 80 RBPs. The results from MEME analysis were exported to Motif Alignment and Search Tool (MAST) (Bailey and Gribskov, 1998) to identify proteins in the PubMed database that have similar organization of these five motifs found in plant RBPs with triple RRMs.
Genevestigator analysis
The stress response profiles of the 24 Arabidopsis RBPs were retrieved using the Genevestigator program (Zimmermann et al., 2005) . The locus identifiers of the 24 Arabidopsis genes were entered into this program. Three of the loci, At1g47490, At2g43410 and At1g60900, are not represented in the Affymetrix ATH1 gene chip. Along with the stress response profile, the developmental profile and the anatomy profile data for these genes were retrieved. All available ATH1 gene chip data (3110 experiments) were included in this analysis.
Plant materials
Seeds of Arabidopsis thaliana ecotype Wassilewskija (Ws-0) or Columbia (Col-0) were incubated at 4°C for three days before sowing in pots containing Metro-Mix 200 potting mix (ScottsSierra Horticultural Company, USA). Plants were grown in growth chambers with 10 h light (100 µmoles m -2 s -1
) and 14 h of darkness. The temperature in the growth chamber was 20 ± 2°C. Plants were irrigated with 15-5-5 Peter's Excel fertilizer (Scotts-Sierra Horticultural Company, USA; 1/8 tablespoon/ gallon of water) every 3-4 days. Plants were grown for 4-5 weeks in these growth chambers prior to stress treatments.
Stress treatments
Ozone treatment: The ozone generation set-up has been described . Ozone-sensitive Ws-0 ecotype plants were exposed to 290 ± 20 nl L -1 of ozone for six hours. Entire rosettes were collected 1 and 4 h after initiation of the ozone treatment and 2, 6, and 18 h after the end of treatment. Control plants maintained under ambient ozone were also collected for each time point.
Hydrogen peroxide, glucose/glucose oxidase and xanthine/ xanthine oxidase treatment: Approximately 15 leaves of fiveweek-old, WT Col-0 plants were infiltrated with either 10 mM H 2 O 2 or 2.5 mM glucose and 2.5 U/ml Glucose Oxidase or 0.5 mM Xanthine and 0.5 U/ml Xanthine Oxidase using a needleless syringe. Control leaves were infiltrated with H 2 O or glucose or xanthine, respectively. Infiltrated leaves were collected 1, 8, and 24 h after treatment initiation.
Salt, heat and cold stress: Five-week-old, WT Col-0 plants were treated with 0.5 M NaCl for 24 h while control plants were treated with water. Plants were incubated at 40°C for three hours or at 4°C for 24 h for heat and cold stress treatments, respectively. Control plants were maintained at normal growth conditions. Entire rosettes were collected 1, 8, and 24 h after start of treatment.
Bacterial pathogen infection: approximately 15 leaves of fiveweek-old, WT Col-0 plants were infiltrated with virulent Pseudomonas syringae strain DC3000 or avirulent P. syringae DC3000 containing AvrRpt2. Approximately 1 × 10 5 colony forming units were resuspended in 10 mM MgCl 2 and used for infiltrations. Control leaves were infiltrated with 10 mM MgCl 2 buffer. Infiltrated leaves were collected 1, 2, 4, and 6 h after infiltration.
RNA isolations, cDNA synthesis and RT-PCR Total RNA was isolated from control and stressed plant materi-als using the RNeasy Plant Mini kit (Qiagen, USA) following the instructions in the manual. cDNA synthesis was carried out as described earlier (Mahalingam et al., 2005) .
Primers were designed to amplify the complete, predicted open reading frame of each of the eight AtRBP genes belonging to the tobacco RBP45/47 family (Supplementary Table S1 ). PCR was conducted using cDNA as template on a PCR MasterCycler (Eppendorf, USA). Amplification pro-ducts were analyzed on a 1% Tris-Acetic acid-EDTA gel. Discrete amplicons of the expected sizes were ligated into pGEM-T Easy vector (Promega, USA) following the manufac-turer's protocol. Colony PCR products from positive amplifications of the expected size were used for generating probes for northern hybridizations.
In order to identify both the splice variant forms and the fulllength AtRBP45b transcripts in a single reaction, 3 μl of cDNA was used as template. PCR reactions were conducted using Takara Taq Polymerase in the following reaction: 10 μl water, 2 μl 10× PCR Buffer, 1.2 μl 25 mM MgCl 2 , 1 μl 5 μM forward primer designed from exon 4 (5′-gtggattagatgcatctgtcacggatg-3′), 1 μl 5 μM reverse primer designed from the common 3′ UTR region (5′-cctgtggtgtcagctggtaa-3′), 3 μl cDNA, and 0.8 μl Takara Taq. PCR conditions were as follows: initial denaturation at 94°C for 2 min, 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, and a final extension at 72°C for 7 min. Products were run on a 1.5% agarose gel cast in TAE for 30 min at 150 V.
In order to identify the differential expression patterns of the full-length AtRBP45b, PCR was repeated with 1 μl of cDNA with the number of PCR cycles reduced to 20. The cDNA synthesis and RT-PCR experiments were repeated twice from two independent biological replications of the stress treatments.
Northern blots and hybridizations
Ten micrograms of RNA was used for making Northern blots. Details of northern blotting procedures and hybridizations were as described earlier (Mahalingam et al., 2005) .
3′ RACE for identifying splice variants of AtRBP45b 3′ RACE was done as described in the FirstChoice RLM-RACE Kit (Ambion) with a few modifications. For cDNA synthesis, 1 μg total RNA, 4 μl dNTP mix, 2 μl 3′RACE Adapter, 4 μl 5× RT Buffer, 1 μl RNAse Inhibitor, 1 μl Superscript III Reverse Transcriptase (Invitrogen), 2 μl 0.1M DTT, and nuclease free water to a total volume of 20 μl were combined in a microfuge tube and incubated for 1 h at 42°C. Primary RACE PCR was set up with 1 μl of cDNA, 2.5 μl 10× PCR Buffer, 2 μl dNTP mix, 1.5 μl MgCl 2 , 1 μl 3′RACE Outer Primer (10 μM 5′-gcgagcacagaattaa tacgact-3′), 1 μl 3′ RACE gene specific primer (10 μM 5′-atattacggaggctactctggtggag-3′ (FL) and 5′-gtggattagatgcatctgtc acggatg-3′, 1 μl Takara Taq, and nuclease free water to a total volume of 25 μl in a microfuge tube. PCR was performed using the following parameters: initial denaturation for 5 min at 94°C, followed by 30 cycles of amplification (94°C 30 s, 63°C 30 s, 72°C 30 s), and final extension at 72°C for 7 min. A secondary PCR for the splice variant was performed using 1 μl of primary PCR reaction. All conditions were the same except a 3′ RACE gene specific internal primer 5′-tcgttcagttttccgagaagtaa-3′ was used. The reaction products were then cloned into the Promega pGEM-T Easy Vector, colonies were screened by PCR, and plasmids bearing the right-sized inserts were sequenced.
Isolating recombinant AtRBP45b proteins
The full-length AtRBP45b coding sequence was amplified using gene specific primers with KpnI (5′-ggtacc atgatgcagcagccaccaccc-3′) and HindIII (5′-aagctt ttagtagctaaacccgacttgttgctg-3′) restriction sites at the 5′ ends (indicated by a underline in the primer sequence). PCR products were cloned into pGEM-T Easy Vector (Promega) and transformed into DH5 alpha cells. Inserts were sequenced to ensure that there were no errors during PCR amplification. The insert was subcloned by digesting with KpnI and HindIII and ligating into the pET-30a (+) expression vector. The plasmid pET30a+AtRBP45b was transformed into BL21 cells. Protein expression was induced by the addition of 0.1 mM IPTG followed by incubation at 37°C for 3-4 h. Total protein extract from these cells was passed through the His-Select HF Nickel Affinity Gel (Sigma). The His-tagged recombinant protein bound to the column was eluted using the elution buffer (20 mM Tris pH 8.0, 500 mM NaCl, 250 mM imidazole and 10% glycerol) and was subjected to dialysis to remove the salts and glycerol. The splice variant form of AtRBP45b was amplified using gene specific primers that had BamHI (5′-ggatcc atgatgcagcagccaccacccgga-3′) and XhoI (5′-ctcgag ttacttctcggaaaactgaacgaa-3′) sites at their 5′ ends. Recombinant splice variant protein was obtained the same way as described above.
MALDI-TOF analysis
Purified proteins were cut from Coomassie stained gels and processed on a MALDI-TOF mass spectrometer as described earlier .
Electrophoretic mobility shift assay A U-rich intron of the rubisco activase (RCA) gene was PCR amplified using the primers RCA-F (5′-ttgactctgcctaacatcaagg-3′) and RCA-R (5′-ataagtggaacctatgagacaaaaa-3′) (Lorkovic et al., 2000) from Arabidopsis Col-0 ecotype genomic DNA. The 100 bp product was cloned into pGEM-T Easy Vector (Promega). The purified plasmid was digested with SalI. The digested product was gel purified and phenol:chloroform extracted. Approximately 2-3 μg of purified, digested plasmid was transcribed using the Ambion MEGAshortscript™ Kit. Two microliters of P
32
-UTP was added to radiolabel the transcript. RNA binding assays were conducted with purified recombinant protein of full-length and splice variant AtRBP45b. The protocol for the binding assays were as described earlier (Black et al., 1998 ) with a few modifications: about 1 μl 10× binding buffer (500 mM Tris-HCl pH 8.0, 1 M NaCl, 144 mM 2-mercaptoethanol), 1 μl radiolabeled RCA RNA (approximately 4 fM), and 3 μl nuclease free water were incubated at 95°C for three minutes and then placed on ice to denature the RNA. On ice, 1-5 μl of purified recombinant protein (~4-30 nM) was combined with MTPBS (150 mM NaCl, 16 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 pH 7.3) to a total volume of 5 μl. RNA and protein solutions were combined and incubated at room temperature for 10 min. Samples were then UV crosslinked for 10 min using a Stratalinker. After the addition of 5 μl of loading dye, the samples were electrophoresed on a 4% polyacrylamide (80:1 acrylamide: bis acrylamide) gel in 0.5X TBE at 200 V at 4°C until the dye just ran off the gel. The gel was dried and analyzed using a PhosphoImager.
RESULTS

Plant RBPs with triple RRMs
To explore the RBPs with triple RRMs in plants, we first identified these genes in the well-curated Arabidopsis genome (http://www.arabidopsis.org). In a previous study, a list of 196 RRM-containing Arabidopsis proteins that contained both RNP1 and RNP2 submotifs was reported (Lorkovic and Barta, 2002) . In this set, 24 proteins were identified as having three RRM domains, which became the starting point of our analysis. A search for "RRM" domain-containing proteins in the Plant-RBP database (http://plantrbp.uoregon.edu) identified 304 putative orthologous groups (POGs) (Walker et al., 2006) . A systematic analysis through each of these POGs identified 39 Arabidopsis proteins with multiple RRM domains. Based on both the earlier study (Lorkovic and Barta, 2002) and our POG database analysis, 24 Arabidopsis and 19 rice proteins were identified as having triple RRMs and were selected for further analysis (Table 1) . For Arabidopsis and rice, the loci that consistently clustered together in both the POG and Genome cluster database (GCD; http://bioweb.ucr.edu/databaseWeb/index. jsp) (Horan et al., 2005) were selected. Poplar sequences with 3 RRMs were retrieved using the Populus trichocarpa v 1.1 page (http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.html). Four hundred and five hits were obtained with "RNA + Recognition + Motif" as a search query under the advanced search option. The sequence of each of these proteins was examined individually for the presence of three RRMs. The Populus database shows conserved domains as predicted by HMMPfam, HMMSmart, and ProfileScan. If there were discrepancies between any of the prediction algorithms, the sequences were input into the NCBI's conserved domain database.
The 80 RBP sequences were subjected to a phylogenetic analysis. In the phylogenetic tree ( Fig. 1 ), there were nine clades with four or more sequences. Seven of the clades contained representatives from all the three plant species. The largest clade consisted of 23 sequences, accounting for nearly 30% of the RBPs with triple RRMs. All the rice RBP sequences had a homolog in Arabidopsis or Poplar, while two sequences in Arabidopsis (At1g45100 and At1g34140) and two in Poplar (Poptr251120 and Poptr549854) did not have a closely related homolog. RBPs in clades 8 and 9 did not have representatives from the rice genome, suggesting that these sequences may be unique to eudicots.
There was a bias in the chromosomal distribution of Arabidopsis RBPs, with 12 of them located on chromosome 1. Of the eight Arabidopsis sequences in the largest clade, four of them were located on chromosome 1, with two of them positioned next to one another. Such chromosomal biases were not observed among the rice and poplar RBPs.
Comparison of conserved motifs in plant RBPs with triple RRMs
To further identify other motifs in these protein sequences, Multiple Em for Motif Elicitation (MEME) was used (Bailey et al., 2006) (Fig. 2) . Motifs 1 (IFVGNLDKNVTEEDLRQLFEQYGEIV HCK), 2 (TGRSKGYGFVRFRDENEAQRA), and 5 (KGCGFVQ YYNRRCAEYAIQKL) were identified in all 80 sequences. Motif 3 (EVKTIWVGNLPHWMDENYLHSCFHHYGEI) was identified in 73 sequences, while motif 4 (VSIKVIRNKQTGQSEGYGFI EFYSHAAAEKVLQTYNGTMMPN) was present in 24 proteins. The underlined portions of these motifs show homology to either the RNP1 or RNP2 consensus sequences.
Further analysis of these sequences using the NCBI's conserved domain search database (http://www.ncbi.nlm.nih.gov/ blast/Blast.cgi) identified motifs 1 (P-value: 1e-06), 2 (P-value: 0.004), 3 (P-value: 0.006) and 4 (P-value: 5e-06) as RRMs, while motif 5 did not find any significant homologies to any other domains in the database. Pair-wise comparisons of these motifs showed a significant correlation between motifs 1 and 3 (Supplementary Table S2 .)
The majority of the sequences belonging to a clade showed the same pattern or arrangement of these conserved motifs (Fig. 2) . This prompted the Motif Alignment and Search Tool (MAST) analysis to identify proteins in the PubMed database that have similar arrangement of these five motifs. Proteins with significant matches to the various conserved motifs present in plant RBPs are shown in Table 2 . Not surprisingly, all the proteins identified by this analysis were RBPs involved in various aspects of RNA metabolism during development and stress signaling.
Expression analysis of Arabidopsis RBPs with triple RRMs in response to ozone-induced oxidative stress We focused our experiments on the largest clade, which contained eight Arabidopsis RBPs with triple RRMs. This group of proteins is similar to the tobacco RBP45 and RBP47 proteins (Lorkovic et al., 2000) , which are up-regulated in response to hydrogen peroxide in Arabidopsis suspension cultures (Schmidt et al., 2009 ). Furthermore, the protein encoded by At1g11650, AtRBP45b, showed approximately 60% homology to the yeast triple RRM containing RBP, CSX1, a global regulator of oxidative stress ( Supplementary Fig. S1 ) (Rodriguez-Gabriel et al., 2003) . CSX1 also showed the same arrangement of the five motifs (4-3-2-1-5) observed among the plant RBPs in the largest clade. Prompted by these sequence similarities to proteins involved in oxidative signaling, we examined the expression of these eight AtRBPs in response to acute ozone exposure (Fig. 3) . The steady-state levels of At1g11650 (AtRBP45b) showed an initial decline at 1 h and an increased expression at 8, 16, and 24 h in response to ozone fumigation. The transcript levels of At5g54900 (AtRBP45a) increased significantly at the later time points. Steady-state levels of At5g19350 were low compared to the other AtRBP45-related genes and did not show any significant changes in expression in response to ozone. Similarly, the transcript levels of At4g27000 (AtRBP45c) did not show any significant changes in response to ozone treatment.
Following ozone stress, AtRBP47a (At1g49600) showed an opposite pattern of expression when compared with members of the RBP45 group (Fig. 3) . Transcript levels of this gene showed a sharp decrease at 12, 16 and 24 h. Steady state levels of At3g19130 (AtRBP47b) showed an increase at 1 but were strongly repressed at other time points. Transcript levels of At1g47500 (AtRBP47c') did not show any significant changes in response to ozone. Expression of At1g47490 (AtRBP47c) was hardly detectable under the hybridization and washing conditions used in this study (data not shown).
AtRBP45b is constitutively expressed and is alternatively spliced Through Northern blot analysis, AtRBP45b was found to be expressed in roots, leaves, stems, flowers and siliques. The highest relative expression was observed in the leaves. The lowest relative expression was observed in the root tissues (Fig.  4) . This is consistent with the data retrieved from the Genvestigator ( Supplementary Fig. S2 ).
Gene models for AtRBP45b (At1g11650.2) indicated that there are six exons and five introns, yielding a protein with 405 amino acids (Fig. 5 ). Another gene model (At1g11650.1) is predicted to be alternatively spliced at the proximal 3′ splice site of intron 4, yielding a protein with 305 amino acids due to the introduction of a premature stop codon. A 3′ RACE PCR was conducted to verify these informatics-based predictions. Similar to the prediction, a splice variant was found that was truncated at the fourth exon, which resulted in a premature stop codon. Thus, the splice variant had only a portion of the third RRM motif. However, the two different splice variants identified had differences in their 3′ UTR sequences that were not predicted in the database (Fig. 5) . The AtRBP45b-SV1 retained intron 4, while AtRBP45b-SV2 retained both intron 4 and intron 5. Full-length and splice variant forms of AtRBP45b protein bind RNA Full-length and splice variant proteins of AtRBP45b were generated as His-tagged fusions using the pET vector system. Following purification on nickel affinity columns, single discrete protein bands of approximately 54 kDa and 44 kDa were observed for the full-length and the splice variant forms, respectively ( Supplementary Fig. S4 ). Taking into account the 10 kDa for the His-tag, the observed size of the proteins matched their predicted sizes. The fusion proteins were subjected to MALDI-TOF analysis that showed 15 out of 28 matches (33% cover- age, Score: 146, Expect 8.1e-09) to the predicted full-length AtRBP45b, and 10 out of 20 matches (30% coverage, Score: 122, Expect 2e-06) to the predicted splice variant, confirming the purity of these recombinant proteins. The U-rich sequence of the rca1 gene intron was used to demonstrate the RNA binding property of the two purified recombinant proteins by electrophoretic mobility shift assay (Fig.  6 ). This particular sequence was previously used to demonstrate the RNA binding property of the tobacco RBP45/47 proteins (Lorkovic et al., 2000) . Both full-length as well as the splice variant forms were able to bind to this RNA. For both proteins, binding was undetectable at protein concentrations below 10 nanomolar and almost completely saturating at concentrations above 12 nanomolar. Since the splice variant form bound to the rca1RNA, the third RRM domain may not be crucial for RNA binding.
Full-length and splice variant forms of AtRBP45b are differentially expressed in response to biotic and abiotic stresses We examined the expression of the full-length and the two splice variants of AtRBP45b in response to direct infiltration of oxidants, abiotic stresses, and biotic stresses at multiple time points (Fig. 7) . The full-length AtRBP45b and the splice variant form AtRBP45b-SV2 were constitutively expressed. Interestingly, the AtRBP45b-SV1 isoform was observed only in response to stressors that were caused by infiltration of chemicals or pathogens, while salt and temperature stresses that were imparted without any mechanical perturbations failed to do so. This indicated that AtRBP45b-SV1 is rendered stable in response to wounding. The relative abundance of the splice variants was approximately less than 10% of the full-length transcript (Fig. 7) . In order to determine the differential expression of the full-length transcript, RT-PCR was restricted to 20 cycles (FL'), as opposed to the 30 cycles used for the detection of the two splice variants. The differences in the abundances of the full-length transcript observed in response to the various treatments were not significant.
DISCUSSION
The RNA recognition motif (RRM) is the most common domain found exclusively in eukaryotic proteins involved in RNA metabolism (Anantharaman et al., 2002) . In plants, the superfamily of proteins containing the RRM has vastly expanded compared to other multi-cellular organisms, such as Drosophila and C. elegans, and, in fact, is comparable in size to that of humans (Anantharaman et al., 2002) . In a previous study, it was reported that there are 196 RRM-containing proteins in Arabidopsis (Lorkovic and Barta, 2002) . Based on this study using the POG database, 261 RBPs containing one or more RRMs were identified. Lorkovic and Barta (2002) used protein sequences of known plant or metazoan proteins to query the Arabidopsis database using the BLAST algorithm. Our study employed mutual-best-hit and phylogenetic approaches in the POG database, to identify orthologous sequences (Walker et al., 2006) . We surmise that this difference in approach between the two analyses may account for the differences in the number of proteins identified.
Of the 261 RBPs, 157 proteins contained a single RRM, 70 had two RRMs, 24 had three RRMs, eight had four RRMs and two proteins had five RRM domains. The 24 RBPs with three RRMs identified in the earlier report (Lorkovic and Barta, 2002) and our analysis using the POG/RBP database were identical. RBPs with triple RRMs have been implicated in various facets of RNA metabolism, including RNA stability and splicing, and show similarities to some metazoan hnRNPs (Lorkovic and Barta, 2002) . These proteins were also shown to be involved in flower development (Park et al., 2006; Schomburg et al., 2001) .
Identification of orthologs of Arabidopsis RBPs with three RRMs in Poplar (a perennial) and rice showed not only that these proteins are conserved in plants but also that they may play important roles in normal plant growth and development (Table 1) . Phylogenetic analysis of these 80 RBP sequences showed that only two sequences from Arabidopsis and two sequences from Poplar were singletons, suggesting that RBPs with triple RRMs have been well-conserved during plant evolution. Consistent with the expansion of all gene families in the Populus genome (Tuskan et al., 2006) , the number of RBPs with triple RRMs was nearly twice as many as in the rice genome. There were 10 RBPs identified from the Arabidopsis and/or Poplar genomes (belonging to clades 8 and 9) that did not have corresponding rice orthologs. Further analysis is warranted to determine if these proteins are truly unique to the eudicots. It has been well documented that large segments of plant genomes consist of duplicate loci due to high frequencies of tandem duplications (Jain et al., 2006) , segmental duplications (Kim et al., 2006) , and polyploidization events (Adams and Wendel, 2005; Moore and Purugganan, 2005) . The clustering of Arabidopsis RBPs on Chromosome 1 could be due to tandem and/or segmental duplications. The dispersed occurrence of RBPs in rice and poplar supports the notion of ancient polyploidization events in these genomes (Paterson et al., 2004; Sterck et al., 2005) .
Analysis of the protein sequences using MEME showed that motifs 1, 2, 3 and 4 shared significant homologies to the RRM signature and were present in various combinations in these proteins, further confirming that all 80 sequences had three RRMs. Interestingly, the motif 5 sequence, which was identified in all 80 proteins, did not show homology to any sequence in the conserved domain database. Careful examination of the motif 5 sequence did show the presence of the RNP1 signature, suggesting that our search parameters for motif identification in MEME did not identify any novel motifs in the plant RBPs with triple RRMs.
Further sequence analysis using MEME (Fig. 2) and MAST programs aided in associating the plant RBPs with other eukaryotic RBPs based on the organization of the five conserved motifs ( Table 2) . The largest clade, containing 23 RBPs, was highly homologous to both the CSX1 protein in fission yeast, an RBP with a triple RRM and described as a global regulator of oxidative stress (Rodriguez-Gabriel et al., 2003) and the ELAV family of proteins, which are important for cell differentiation and alternate splicing (Antic and Keene, 1997) . The AtRBP45b (At1g11650) protein sequence showed high homology (59% similarity) to the yeast CSX1 protein (Supplementary Fig. S1 ).
Other clades of plant RBPs with triple RRMs showed strong homologies to proteins involved in various facets of RNA metabolism. Plant RBPs in the second clade showed strong homologies to T-cell-restricted intracellular antigen (TIA-1) and TIA-1-related protein (TIAR), both of which function as mRNA turnover and translation regulatory (TTR) RBPs (MazanMamczarz et al., 2006; Pullmann et al., 2007) . TIA-1 and TIAR also are involved in signaling apoptotic cell death in mammalian systems (Kawakami et al., 1992; Taupin et al., 1995; Tian et al., 1991) and are important players in oxidative stress signaling (Abdelmohsen et al., 2008) .
Clade 3 proteins showed significant homology to Bruno-like RBPs, which are important for binding CUG trinucelotide repeats and are implicated in human diseases and differentiation of cell types (Good et al., 2000) . Bruno proteins are well conserved in multi-cellular organisms and act as translational repressors that play a key role during gametogenesis (Webster et al., 1997) . Clade 4 RBPs had a motif organization that was also identified among nucleolins important for ribosome biogenesis (Srivastava and Schlessinger, 1990) . Nucleolins are also cell surface receptors, autoantigens, and transcriptional repressors (Srivastava and Pollard, 1999) . Clade 5 proteins showed high homologies to several poly-A binding proteins (PABPs) that are important for RNA stability and translation. As central regulators of gene expression, PABPs are targeted by a variety of DNA and RNA viruses, which leads to changes in complex formation, RNA stability, and localization (Smith and Gray, 2010) . RBPs belonging to clades 6 and 9 showed motif organization similar to the hnRNP Q-like proteins that are important for mRNA splicing (Singh, 2007) . Apart from splicing, hnRNPs are important for mRNA packaging, transport, and silencing (Singh, 2001) . Some hnRNPs are also essential for gametogenesis (Kinnaird et al., 2004) . Clade 7 proteins showed homology to the meiosis regulatory proteins (Kaur et al., 2006) . RBPs in Clade 8 showed homology to proteins involved in mRNA splicing and also to those that act as transcriptional coactivators (Jung et al., 2002) . Based on these similarities to well characterized eukaryotic RBPs, it is obvious that plant RBPs with triple RRMs have diverse cellular functions.This analysis provides a good starting point to examine the precise functional roles of each of these proteins in plants.
Using the Genevestigator program, digital northern analysis of the 24 Arabidopsis RBPs with triple RRMs further demonstrated that many of these genes are expressed in various tissues and in different stages of development ( Supplementary  Fig. S2 ), indicating that they play very important roles throughout the lifecycle of a plant. Many of the Arabidopsis RBPs were transcriptionally responsive to biotic, abiotic, chemical, and hormonal treatments, suggesting an involvement in stress signal transduction (Supplementary Fig. S3 ). Hierarchical clustering of RBP genes along with their gene expression profiles showed that RBPs from different clades grouped together ( Supplementary Fig. S3 ). This suggested that, following gene duplications, one of the duplicates underwent mutations leading to pseudogenization or neofunctionilization (Lynch and Conery, 2000) .
Northern analysis further confirmed the gene expression changes in response to ozone-induced oxidative stress among the eight Arabidopsis RBPs that are similar in sequence to the yeast CSX1 (Fig. 3) . Interestingly, two members of the RBP45 group and two members of RBP47 group show opposite patterns of expression. In mammalian systems, some of the TTRRBPs with contrasting gene expression patterns have opposing post-transcriptional influence on the same set of target genes (Abdelmohsen et al., 2008) . It is tempting to speculate that such a phenomenon may be operative in plants.
Among the members of the AtRBP45 group, we focused our attention on the AtRBP45b gene since it was constitutively expressed in several different tissues (Fig. 4) , consistent with earlier reports (Lorkovic et al., 2000; Park et al., 2006) . Since this gene also was induced in response to oxidative stress, we speculate it may be crucial for coordinating the adaptive response of plants to stresses in different organs and different developmental stages. The 3′ RACE analysis enabled the identification of two new splice variant forms (designated as AtRBP45b-SV1 and AtRBP45b-SV2) of the AtRBP45b gene (Fig. 5) . The predicted splice variant form is due to an alternative 3′ splice site that causes the first three nucleotides, "taa," of the fourth intron to be included, thus resulting in a truncated protein lacking 100 amino acids at the C-terminus. Both the variants were different when compared with the predicted splice variant for this gene found in the Arabidopsis database. Our data suggested that the retention of the entire fourth intron resulted in a truncated protein due to the premature stop codon. The difference between the two new splice variants was due to the last intron, which was retained in AtRBP45b-SV2 but was spliced out in AtRBP45b-SV1 (Fig. 5) . It is not known whether these splice variant forms are translated in planta. In higher organisms, many transcripts with a termination codon located more than 50 nucleotides upstream of an exon-exon junction are targets of nonsense-mediated decay (NMD) Lewis et al., 2003) . In plants, the splice variants of the SR family of RBPs meet these criteria and are speculated to be ideal targets for the NMD pathway (Palusa et al., 2007) . Similarly, the splice variants of the AtRBP45b meet these criteria and, hence, may be degraded selectively by NMD.
The binding of the U-rich rca1 intron by both the full length as well as the splice variant of recombinant AtRBP45b (Supplementary Fig. S4; Fig. 6 ) is consistent with a previous report on the tobacco RBP45 protein (Lorkovic et al., 2000) . Deletion derivatives of the tobacco RBP45 protein were able to bind to the rca1 RNA when any combination of two RNA binding domains was present (Lorkovic et al., 2000) . Along the same lines, we infer that the AtRBP45b splice variant is able to bind to RNA with two full RRMs and that the truncated third RRM may not affect binding (Fig. 6) .
Based on the strong similarities in sequence and constitutive expression patterns we surmise that AtRBP45b is a functional homolog of the tobacco RBP45. Similar to the tobacco RBP45 protein, the Arabidopsis AtRBP45b was shown to be associated with poly-A RNA (Lorkovic et al., 2000; Schmidt et al., 2009) . Protein interaction database analysis indicated that the AtRBP45b interacts with the cap binding protein CBP20 (Supplementary Table S3 ). We speculate that AtRBP45b most likely binds to the U-rich sequences with the 3'-UTRs of target genes and, in co-ordination with the CBP20, may be involved in regulating gene expression during normal development and in re-sponse to environmental perturbations.
RT-PCR analysis demonstrated that the splice variant AtRBP45b-SV2 was constitutively expressed while the AtRBP45b-SV1 was observed only during mechanical perturbations. Since the alternate splice variants are presumably produced through transcription of the full-length RNA transcript via a single promoter, we speculate that AtRBP45b-SV1 transcripts are rendered stable during mechanical perturbations. Recently, members of the UBA2 family of RBPs have been shown to be induced in response to wounding , supporting a role for the RBPs in senescence and stress signaling pathways. Understanding the precise function of the AtRBP45b protein and its splice variant forms during stress signaling entails the identification of the target RNA molecules that they bind under different conditions through the use of techniques like ribonucleoprotein immunoprecipitation assays in conjunction with DNA microarrays (Niranjanakumari et al., 2002; Schmitz-Linneweber et al., 2005) . These assays, coupled with over-expressor and/or knockout mutants of AtRBP45b, will shed light on post-transcriptional gene regulatory processes operative during both normal development and stress environments.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
